The formation of an Ohmic contact at a metal/two-dimensional (2D) semiconductor interface is a critical step for the future development of high-performance and energy-efficient electronic and optoelectronic applications based on semiconducting transition-metal dichalcogenides 1 . The deposition process of metals at high thermal energy introduces crystalline defects in 2D semiconducting layers, leading to an uncontrollable Schottky barrier height regardless of work function of a metal and high contact resistance 2,3 . Here, we report the fabrication of Ohmic contacts by evaporation of indium (In) at a relatively low thermal energy onto molybdenum disulfide (MoS2), resulting in a van der Waals (vdW) In/MoS2 accumulation-type contact with a metal-induced electron doping density as ~10 12 cm −2 . We 2 show that the transport at the In/MoS2 accumulation-type contact is dominated by the field-emission mechanism over a wide temperature range from 2.4 to 300 K and at a carrier density as low as ~10 12 cm −2 for a few-layered MoS2 device. In this case, the contact resistance reaches 0.6 kΩ μm at cryogenic temperatures. These results pave a practically available path for fabricating Ohmic MoS2 contacts for high-performance electronic and optoelectronic applications.
because of Fermi-level pinning (FLP) 11, 2 . Researchers have explored various approaches to overcoming this problem, including molecular doping 12 , tunnel-barrier insertion 13, 14 , fabrication of graphene contacts 15, 16 , and phase changes 17 . The several results of these studies have shown that an Ohmic contact with thermionic emission at room temperatures plays a dominant role in contact transport in most cases. In that case, the contact resistance increases as the temperature is lowered because of the suppression of the thermionic currents. In this view, the contact transport obeying the field-emission mechanism based on an accumulation-type contact is expected to support the Ohmic contact for a wide temperature range including a cryogenic environment 14 .
Here, we report the realization of the accumulation-type Ohmic contact having a contact resistance, RcW, of ≤ 1 kΩ μm at cryogenic temperatures of T < 100 K for direct-evaporated indium (In) contacts having a relatively low thermal energy on few-layered MoS2, resulting in an "vdW In/MoS2 interface" without crystalline defects of MoS2 at the interface. This work reveals that the RcW behaviors at various temperatures and carrier densities (ne) are dominated by the sheet resistance of MoS2 ( sh ), rather than by the specific contact resistivity ( c ), which is governed by the field-emission process. We estimated the Schottky barrier height for In/few-layer MoS2 contacts as ≤ 10 meV based on the field-emission mechanism, reflecting FLP-free contacts. As expected in an accumulated contact with Φ In ≈ 4.1 eV, there was a substantial electron transfer from In to MoS2 at the contact region, which was confirmed by Raman spectra.
Characterization of van-der-Waals In/MoS2 interface
We fabricated MoS2 field-effect transistors (FETs) on hexagonal boron nitride (hBN) flakes, where the hBN flakes were deposited onto a 300-nm-thick SiO2/Si substrate by mechanically exfoliation. We then transferred a few-layer MoS2 flake (HQ-graphene, Inc.) onto a selected hBN flake 15, 18 . For the electrical measurements, we deposited 100 nm-thick In electrodes across the MoS2 channel (Fig. 1a) , where the substrate holder was cooled to ~100 K by liquid nitrogen flowing through it 19 . Figure 1b shows a cross-sectional transmission electron microscopy (TEM)
image of the In/few-layered MoS2 junction of a separately prepared sample, which clearly shows an atomically separated interface between In and MoS2 layers without any metal invasion into the MoS2 layers. The left and right panels of Fig. 1c show optical images before and after a mechanical process to remove the deposited In metals from a top of MoS2 via adhesive tape, respectively. These images show that the original MoS2 under the In remained intact after the In was removed, indicating the formation of an In/MoS2 vdW interface 3 . Whereas FLP can originate from crystal-lattice disorder and defect-induced gap states that occur during the deposition process of a metal at high thermal energy because of its high evaporation temperature 2,3 , our vdW interface with In deposited at a relatively low thermal energy could provide a FLP-free contact.
For instance, whereas the evaporation temperature of Au at 10 −8 Torr is ~800 °C , only ~480 °C is required for the evaporation of In at the same pressure. In electrical measurements, to apply an electric field to the MoS2 channel, the highly p-doped Si substrate was biased by a back-gate voltage (VG). All measurements were performed in a cryostat (PPMS, Quantum Design, Inc.) with a base T of 2.5 K. Figure 1a shows a photograph of a MoS2 FET on a 22 nm-thick hBN flake (6L-MoS2 device).
Basic electrical properties of a few-layer MoS2 field-effect transistor
The number of MoS2 layers was estimated as n = 6 (see Fig. S1 in Supplementary). The multiple electrodes for the MoS2 flake with different intervals between two neighboring electrodes were designed to measure the contact resistance via the transfer-length method (TLM) 17 , i.e., four FETs with different channel lengths (L1 = 0.5 μm, L2 = 1 μm, L3 = 1.5 μm, and L4 = 2 μm from the left channel in the region indicated by a dashed box). Here, the widths (W) of all channels were identical at 2 μm. The four-probe measurements for the L2 channel also showed a similar VG value for the metalinsulator crossover location (see Fig. S2 in Supplementary). This result indicates that the crossover behavior is mainly determined by the transport in the MoS2 channel, not in the contact part. Figure 1f shows the field-effect mobility (μ) as a function of T, as obtained from the twoprobe (opened circles) and four-probe (closed squares) measurements. The mobility was obtained at the local maximum location in the μ-VG curves (see Fig. S3 in Supplementary). For T > 100 K, in both cases, the data were fitted with the relation ( ) = 0 − (where α = 2.2), as
shown by the dashed line. This α value is similar to the expected value for bulk MoS2 (α = 2.5) with optical phonon scattering as the dominant scattering mechanism 20, 15 . At room T, ≈ 50 cm 2 V -1 s -1 for both cases. However, when T < 20 K, μ became saturated at 1200 and 3200 cm V −1 s −1 with decreasing temperature for the two-and four-probe measurements, respectively. Saturation behavior in the low-T region has been known to occur when the impurity scattering plays a dominant role and the phonon effect is suppressed 7 .
Contact resistance at In/MoS2 contacts
On the basis of the TLM (see Fig. S4 in Supplementary) with multiple channels (Fig. 1a) , we ex- 
, which is only valid for Lc ≫ LT. Here, Lc (= 1 μm) and LT (= √ c / sh ) are the contact length and transfer length representing the average distance that charge carriers flow in a semiconductor beneath the contact before they totally transport to the electrode, respectively. Figure S4 shows that our device satisfied this condition with LT ≈ 0.1 μm. Equation (1) implies that c decreases with increasing ne because both sh and c generally decrease with increasing ne. However, RcW increased with increasing T at a fixed VG-th in the VG range investigated in Fig. 2a , whereas the thermionic emission mechanism with the Schottky barrier at the contact predicts that
RcW increases with decreasing T because of suppression of the thermionic emission 21 . Figure 2b shows RcW as a function of T at VG-th = 45 V. The contact resistance decreased from 2.3 to 0.6 kΩ μm when the T was decreased from room T to 2.4 K. This behavior has been reported for graphene/MoS2 15 and Pd/graphene contacts 22 in several previous works; it is explained as evidence of the absence of thermionic emission for the contact transport mechanism. Figure 2c shows sh vs VG-th for the L2 channel at various temperatures, which was also obtained by the TLM (see Fig. S4 in Supplementary). The behavior of sh , which increased with decreasing VG-th at all of the investigated temperatures, is mainly due to decreasing ne. Figure 2d shows
sh as a function of T at VG-th = 45 V, where sh decreased with decreasing T. This metallic behavior was observed until VG-th ≈ 15 V.
Transport mechanism at In/MoS2 contacts
We next elucidated which component among ℎ and predominantly determines the contact resistance at the In/MoS2 vdW contact. The scattered squares in Fig. 3a show RcW as a function of ne, which was estimated from the relation = ( For the In/6L-MoS2 device, such behavior was not observed.
To clarify the difference between the two cases, we plotted RcW as a function of Rsh in Fig.   3b . The slope of the data in the solid oval of Fig. 3b , for T = 12 K (solid green curve), which corresponds to the solid oval in Fig. 3a , followed a relation of c ∝ sh with = 7 (solid red line), which deviates substantially from the expected value of = 0.5 based on equation (1) with an assumption of constant c (see the two dashed black lines in Fig. 3b ). This result implies that c , depending on ne, plays a dominant role in determining RcW in this region. For instance, with increasing ne or VG from the Vth, the width of the energy barrier at the contacts to be overcome for electron flow rapidly narrows, resulting in lowering of the c 11 . As a result, becomes much greater than 0.5. With increasing ne for the Gr/MoS2 contact, RcW becomes saturated for ne > 4×10 12 cm −2 , as shown in the dashed oval in Fig. 3a , where the field emission becomes a dominant factor affecting the contact transport. In this case, the slope of the red dashed line in the corresponding dashed oval in Fig. 3b is less than 0.5, i.e., = 0.2. Our In/6L-MoS2 device with In contact also showed a less than 0.5 for 2.4 ≤ T ≤ 100 K in Fig. 3b . In this temperature region, we thus consider that the field emission plays a dominant role in the vdW contact transport in the In/6L-MoS2 device.
In our In/6L-MoS2 device (Fig. 3b) 
Accumulation-type contacts at In/MoS2 interface
To evaluate the Schottky barrier height ( SB ) at a metal/semiconductor, it requires measuring the activation energy at the contacts in the thermionic emission region 1, 11 , where the voltage drop should mainly occur at the contacts. The inset of Fig. 4b shows an atomic force microscopy (AFM) image of a 1L-MoS2 device with four electrodes prepared on a 40 nm-thick hBN flake (also see Fig. S5 in the Supplementary). Figure 4a shows G-VG curves for various temperatures, where the L = 0.9 μm channel, as indicated by the dashed box in the inset of Fig. 4b , was measured via the two-probe measurement including the contact resistance. In this case, the metal-insulator crossover voltage was found at a relatively high VG (~65 V) compared with those of the 6L-MoS2 devices 23 . G increased with increasing T for T < 130 K at VG < 65 V and decreased for T > 200 K over the examined VG range. It is important to know where the insulating behavior mainly originates from, i.e., contact or channel. Figure 4b shows the four-probe G-VG curves for the same channel excluding the contact resistance at the same temperatures in Fig. 4a , where the metal-insulator crossover voltage was also located at VG ~ 65 V with nearly the same conductance range to the two-probe scheme in Fig. 4a at a corresponding temperature. This indicates that the insulating behavior at VG < 65 V is mainly contributed by the MoS2 channel, not the contact parts, thus, it is not feasible to estimate SB by using data in Fig. 4a .
We note that both Fig. 1d and Fig. 4a show that the threshold VG for few and monolayer (Fig. 2b) . Interestingly, RcW increased with decreasing T for T < 100 K under all VG-th conditions. In this region, the MoS2 channel also exhibited insulating behavior ( Fig. 4b) for VG < 60 V and T < 100 K. This result indicates that the increase of Rsh with decreasing T in the insulating phase plays a dominant role in determining the contact resistance at T < 100 K.
Conclusion
We Raman spectrum The Raman measurements were performed in a backscattering geometry at room temperature. An incident laser light with a wavelength of 514.5 nm was focused on the sample surface through an optical microscope objective lens (100×/0.9 NA). An excitation laser power was maintained less than 0.4 mW to avoid any laser-induced heating effects. Scattered light from the sample was dispersed through a monochromator with a 1200 grooves/mm grating and was collected using a thermoelectrically cooled charge-coupled device detector. For mapping measurements, Raman spectra were taken at the step of 0.5 μm over the area of 15 × 15 μm 2 .
Electrical measurements
The electrical characterizations were performed using a physical property measurement system (PPMS, Quantum Design Inc.) with various temperatures. The I-VSD curves were measured by a DC bias voltage source (Yokogawa 7651) combined with a current pre-amplifier (DL 1211). The two-probe and four-probe conductance measurements for 1L-MoS2 device were performed by a dc measurement setup. The two-probe and four-probe conductance measurements for 6L-MoS2 device were performed by using a standard lock-in amplifier (SR830) with current preamplifier, where excitation voltage and output frequency were 30 mV and 77.77 Hz, respectively. Gr/4L-MoS 2 [15] In/6L-MoS In/1L-2 1L-2
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